The genus Salmonella contains a group of closely related organisms that are pathogenic for humans and other vertebrates. The human disease manifestations caused most frequently by Salmonella serotypes worldwide are typhoid fever and gastroenteritis (reviewed in reference 102). Both illnesses clearly differ with regard to their etiology. Typhoid fever is caused by Salmonella enterica serotype Typhi, a strictly humanadapted pathogen. In contrast, gastroenteritis is caused by zoonotic nontyphoidal Salmonella serotypes, with Salmonella enterica serotypes Typhimurium and Enteritidis being isolated most frequently (67) .
A second difference between typhoid fever and gastroenteritis is the host response elicited at the site where both infections originate, the intestinal mucosa. Gastroenteritis is a typical diarrheal disease characterized by a massive neutrophil influx in the terminal ileum and colon and the predominance of neutrophils in stool samples of patients (16, 41, 66) . In contrast, typhoid fever is not a typical diarrheal disease and the intestinal pathology is characterized by a predominantly mononuclear infiltrate (i.e., macrophages and dendritic cells) (41, 57, 77, 83, 110) . Although a fraction (approximately one-third) of typhoid fever patients develop diarrhea, the fecal leukocyte populations in these patients are dominated by mononuclear cells, while neutrophils are scarce (41) .
Serotype Typhi and nontyphoidal Salmonella serotypes further differ in their abilities to survive and persist in human tissue. Gastroenteritis is an infection that usually remains localized to the intestine and mesenteric lymph nodes. The incubation period is short (12 to 72 h) and is followed by a short episode of disease (Ͻ10 days), suggesting that the infection is efficiently cleared with the onset of adaptive immune responses. In contrast, typhoid fever is a systemic infection during which serotype Typhi colonizes the liver, spleen, and bone marrow in addition to the intestine (i.e., Peyer's patches where perforation may occur) and the mesenteric lymph nodes. Furthermore, typhoid fever is characterized by a considerably longer incubation period (median of 5 to 9 days) and longer duration of symptoms (fever persists for approximately 3 weeks) than that observed in patients infected with nontyphoidal Salmonella serotypes.
The differences in the host responses and disease manifestations of typhoid fever and gastroenteritis suggest that serotype Typhi and nontyphoidal Salmonella serotypes cause disease by different mechanisms. Recent advances in our understanding of the mechanisms by which nontyphoidal Salmonella serotypes cause gastroenteritis have helped in defining the unique properties that enable serotype Typhi to trigger host responses in humans that lead to the development of typhoid fever rather than gastroenteritis.
INFLAMMATORY DIARRHEA: A STEREOTYPIC HOST RESPONSE TO MICROBIAL INVASION
Based on the presence or absence of leukocytes in stool samples of patients, diarrheal pathogens can be differentiated into those causing inflammatory diarrhea (the presence of neutrophils or lactoferrin in stool samples) and those causing secretory diarrhea (no fecal leukocytes). Bacterial pathogens associated with secretory diarrhea (e.g., Vibrio cholerae, enterotoxigenic Escherichia coli, enteropathogenic E. coli, or enterohemorrhagic E. coli) generally have in common that they are noninvasive and cause little or no inflammation in the intestinal mucosa. In contrast, pathogens causing inflammatory diarrhea (e.g., enteroinvasive E. coli, Shigella spp., Campylobacter spp., or nontyphoidal Salmonella serotypes) readily invade the intestinal epithelium and trigger a massive neutrophil influx in the intestine. Recent work on the mechanism of serotype Typhimurium-induced gastroenteritis has made it increasingly clear that the severe neutrophil infiltration that characterizes inflammatory diarrhea is due largely to bacterial invasion followed by innate immune recognition (reviewed in reference 20).
Serotype Typhimurium readily enters enterocytes and M cells during infection of bovine ligated ileal loops, an in vivo model for human gastroenteritis (29, 95, 101) . Analysis of this process using human epithelial cell lines shows that Salmonella serotypes trigger entry by injecting proteins, termed effectors, into host cells using type III secretion system 1 (T3SS-1), encoded by Salmonella pathogenicity island 1 (SPI1) (31, 32, 70) . Six effectors, including two guanine nucleotide exchange factors for Rho family GTPases (SopE and SopE2) (40, 111) , an inositol phosphate phosphatase (SopB, also known as SigD) (84) , an actin-binding protein (SipA, also known as SspA) (130) , and two effectors with unknown activities (SopA and SopD), act in concert to mediate serotype Typhimurium entry into intestinal epithelial cells (71, 94, 129) and are required for triggering inflammation in the intestinal mucosa (50, 119, 126, 127) . Phosphatidylinositol phosphates (generated by SopB) and activated Rho family GTPases (produced by SopE and SopE2) act in concert to activate WASp/Scar proteins (reviewed in reference 45), which have been shown to be required for serotype Typhimurium invasion (115) . Activated WASp/ Scar proteins recruit the Arp2/3 complex (108, 111) , which in turn initiates the formation of new branches on actin filaments (78) . SipA accelerates the growth of new branches by lowering the critical concentration required for actin polymerization (130) and by locally inhibiting ADF/cofilin-directed actin disassembly (65) . Rapid growth of the barbed ends of the new actin branches pushes the membrane forward (74) , leading to the formation of membrane ruffles and bacterial internalization by macropinocytosis (28, 33) ( Fig. 1 ).
Subsequent to invasion, serotype Typhimurium traverses the epithelium to reach the lamina propria, where bacteria always have an intracellular location within phagocytes (neutrophils and mononuclear cells) (29, 95, 101) . Intestinal epithelial cells can differentiate commensal bacteria present in the intestinal lumen from serotype Typhimurium organisms present in the lamina propria by expressing a pathogen recognition receptor, termed Toll-like receptor 5 (TLR5), exclusively on their basolateral surfaces (34) . The presence of bacteria in the lamina propria is further detected by phagocytes which express a variety of pathogen recognition receptors on their surfaces, including TLR1, TLR2, TLR4, TLR5, and TLR6 (reviewed in reference 49). TLR1, TLR2, TLR4, TLR5, and TLR6 are specialized in recognizing products, termed pathogen-associated molecular patterns (PAMPs), that are unique to bacteria and are not made by the host. PAMPs that are important for the recognition of serotype Typhimurium include flagella (detected by TLR5) (43) and the lipid A moiety of lipopolysaccharide (LPS) (detected by the TLR4/CD14/MD2 complex) (68, 89, 109, 121) . Tissue culture models demonstrate that the detection of serotype Typhimurium in the lamina propria through TLRs that are expressed on macrophages and on intestinal epithelial cells initiates the induction of a proinflammatory gene expression profile in these host cells, which includes the expression of neutrophil chemoattractants (CXC chemokines), such as interleukin 8 (IL-8) (81, 97, 124) . CXC chemokine production in infected tissue precedes the massive neutrophil influx in the intestinal mucosa that characterizes serotype Typhimurium-induced gastroenteritis (101, 125) ( Fig. 1) .
The preferred niche for the survival of serotype Typhimurium in the intestinal mucosa appears to be within macrophages (reviewed in reference 100). Survival within macrophages requires the action of a second type III secretion system (T3SS-2) encoded by SPI2 (85) ( Fig. 1 ). Inactivation of T3SS-2 results in a reduced severity of neutrophil infiltration in the intestinal mucosa at later times (Ͼ24 h) after oral infection of calves (113) or streptomycin-treated mice (13, 39) with serotype Typhimurium and markedly reduces bacterial recovery from intestinal tissues (114) . The dependence of this inflam-matory reaction on MyD88, an intracellular adaptor protein that integrates signals from several TLRs, suggests that T3SS-2-mediated bacterial survival in the lamina propria is continuously monitored by pathogen recognition receptors (39) .
The mechanisms by which other pathogens cause inflammatory diarrhea appear to be slight variations of the above theme. For instance, Shigella flexneri uses a type III secretion system for the invasion of epithelial cells which mediates entry by mechanisms similar to those of T3SS-1 of serotype Typhimurium (reviewed in reference 99). However, once within an epithelial cell, the S. flexneri T3SS enables this pathogen to escape from the vacuole and enter the cytosol. S. flexneri is detected within the cytosol of host cells by the nucleotidebinding oligomerization domain 1 (Nod1) protein (37), a cytosolic pathogen recognition receptor that induces expression of a proinflammatory cytokine profile upon recognition of a PAMP present in the bacterial peptidoglycan (36) . Once S. flexneri translocates through M cells or is released from enterocytes, its interaction with phagocytes in the lamina propria results in an inflammatory response that is similar to that seen during serotype Typhimurium infection (reviewed in reference 99). Since bacterial invasion is detected by a small number of pathogen recognition receptors that trigger the bulk of transcriptional changes through activation of NF-B, AP-1, and IRF3, it may not be surprising that the host responses to different invasive enteric pathogens (e.g., enteroinvasive E. coli, Shigella spp., Campylobacter spp., or nontyphoidal Salmonella serotypes) are very similar. Even an infection with an invasive parasite (i.e., Entamoeba histolytica) triggers changes in host gene expression in the human colonic mucosa that are very similar to those accompanying infection with S. flexneri (128) . The picture emerging from these studies is that microbial invasion of the intestinal mucosa is recognized by phagocytes and epithelial cells through stimulation of pathogen recognition receptors that trigger a stereotypic host response leading to neutrophil influx and inflammatory diarrhea.
TYPHOID FEVER: EVASION OF INNATE IMMUNE RECOGNITION IN THE INTESTINE
The above considerations illustrate that bacterial invasion (mediated by T3SS-1), bacterial survival in intestinal tissue (mediated by T3SS-2), and recognition of bacterial PAMPs (i.e., flagella and LPS) by cells in the intestinal mucosa are the main factors responsible for the massive neutrophil influx triggered during serotype Typhimurium infection in humans ( Fig. 1 ). Since serotype Typhi does not cause a massive neutrophil influx in the intestine, it seems surprising that this pathogen can invade epithelial cells using its T3SS-1 (1, 23, 93) , survive in macrophages using its T3SS-2 (55, 76) , and express PAMPs (i.e., flagella and LPS) that, when purified, are potent inducers of proinflammatory cytokine secretion in human monocytes (5, 122, 123) . Whole-genome sequencing shows that sopA (in strains CT18 and Ty2) and sopE2 (in strain CT18) are pseudogenes in serotype Typhi (17, 86) , and it has been speculated that these mutations may explain the low propensity of serotype Typhi to cause diarrhea (63) . However, a more recent analysis shows that introduction of the remaining T3SS-1 effectors of serotype Typhi (i.e., SipA, SopB, and SopD) can complement a serotype Typhimurium sipAsopABDE2 mutant FIG. 1. Pathogenesis of serotype Typhimurium-induced gastroenteritis in humans. Serotype Typhimurium T3SS-1 injects effector proteins (SipA, SopA, SopB, SopD, SopE, and SopE2) into epithelial cells, which mediate bacterial invasion. Phosphatidylinositol phosphates (PIP2) produced by SopB and Rho family GTPases activated by SopE/SopE2 act in concert to activate WASp/Scar proteins, which in turn recruit the Arp2/3 complex to form new branches on actin filaments. SipA accelerates the growth of new branches, resulting in the formation of membrane ruffles and bacterial internalization. Once serotype Typhimurium has crossed the epithelial barrier, its presence in the lamina propria is detected by pathogen recognition receptors (TLR4 and TLR5) and the organism is internalized by phagocytes. TLR signaling in epithelial cells and mononuclear cells (macrophages and dendritic cells) results in the release of neutrophil chemoattractants (CXC chemokines) which trigger the massive neutrophil influx that is the hallmark of inflammatory diarrhea. Serotype Typhimurium is able to survive within macrophages by using its T3SS-2 to translocate into the host cell cytosol effectors that enable the pathogen to evade phagocyte killing mechanisms by altering vesicular trafficking. TLR signaling also triggers the release of IL-12 from mononuclear cells, thereby initiating the development of a protective Th1 response. With the development of adaptive immune responses (e.g., IFN-␥ activation of macrophages), host phagocytes are able to clear the infection and symptoms subside. Some bacteria escape clearance and persist for 1 or 2 months in an intestinal niche. Recently identified mechanisms for immune evasion by serotype Typhimurium could be important during this phase of intestinal persistence (4, 10, 53).
for eliciting neutrophil influx and fluid accumulation in bovine ligated ileal loops (93) . Thus, serotype Typhi appears to possess all the factors (T3SS-1, T3SS-2, and PAMPs) that make serotype Typhimurium into a pathogen causing inflammatory diarrhea. It is therefore puzzling that invasion of the human intestinal mucosa by serotype Typhi does not trigger a stereotypic host response resulting in neutrophil infiltration.
Human colonic epithelial cell lines can be used to model early interactions of serotype Typhi with the intestinal mucosa, while macrophage-like cell lines can be used to model interactions that occur subsequently in the lamina propria. Microarray analysis shows that unlike serotype Typhimurium, serotype Typhi does not trigger a classical proinflammatory gene expression program in epithelial cells (124) . Serotype Typhimurium can trigger the migration of neutrophils across a monolayer of polarized colonic epithelial cells, but serotype Typhi is not able to elicit this response (64) . Furthermore, stimulation of macrophage-like cells with serotype Typhi results in markedly reduced IL-8 production compared to stimulation with serotype Typhimurium (92) . These in vitro observations raise the possibility that unlike serotype Typhimurium, serotype Typhi expresses a virulence factor that allows it to down-regulate a TLR-mediated host response in the intestinal mucosa that leads to neutrophil infiltration. This virulence factor has recently been identified as the Vi capsular antigen (92), a linear polymer of ␣-1,4 (2-deoxy)-2-N-acetylgalacturonic acid variously O acetylated at the C-3 position (44) (Fig. 2) .
Genes required for the biosynthesis and the export of the Vi capsular antigen are encoded by the viaB locus, which is located on a 134-kb serotype Typhi DNA region, termed SPI7, that is absent from the serotype Typhimurium chromosome (86) (Fig. 2) . The Vi capsular polysaccharide is expressed during human infection, as indicated by protection against typhoid fever following vaccination with the Vi antigen (56) . A number of studies suggest that serotype Typhi isolates from blood of patients invariably express the Vi antigen (reviewed in reference 96). However, SPI7 is genetically unstable and can be lost upon laboratory passage of serotype Typhi (6, 79) . Furthermore, the amount of Vi antigen produced by serotype Typhi can decrease following multiple subcultures on agar (26) . An increase in the isolation of Vi agglutination-negative serotype Typhi has recently been reported from India (69, 98) . In one of these studies, Vi-negative serotype Typhi isolates were identified by a purely agglutination-based approach (69) . The second study identified 74 Vi-negative serotype Typhi isolates by slide agglutination, but only two of these were viaB negative as determined by PCR (98) . A more recent analysis from Pakistan shows that 12 of 2,222 human serotype Typhi isolates were Vi negative by slide agglutination. However, 11 of these 12 Vi agglutination-negative isolates were Vi positive when analyzed by immunofluorescence microscopy (118) . Thus, identification of Vi-negative serotype Typhi by purely agglutination-based approaches should be viewed with caution. Given the instability upon laboratory passage of Vi antigen biosynthesis, the above epidemiological observations suggest a remarkable conservation of capsule expression among primary human serotype Typhi isolates.
In vivo studies exploring the selective forces responsible for maintaining the ability to produce the Vi antigen among human serotype Typhi isolates are sparse. In their original de-scription, Felix and Pitt introduced the term Vi (virulence) antigen, because noncapsulated serotype Typhi strains were attenuated in a mouse model (27) . Loss of the Vi antigen results in an approximately 10,000-fold reduction in the virulence of serotype Typhi after intraperitoneal infection of mucin-treated mice (47) . Since the mucin-treated mouse model is not a close mimic of typhoid fever, volunteer studies have been essential for establishing the role of the Vi antigen during pathogenesis. After infection with approximately 10 7 organisms, disease rates are significantly higher in volunteers infected with capsulated serotype Typhi strains (with a disease rate of 51%; 80% of the volunteers were blood culture positive) than in those infected with passaged derivatives lacking the Vi antigen (with a disease rate of 26%; 40% were blood culture positive). The same study shows that the fraction of volunteers developing disease after infection with approxi-FIG. 2. Vi capsular antigen of serotype Typhi. Whole-genome sequencing of serotype Typhi strain CT18 reveals the presence of a 135-kb DNA region, termed SPI7, that is absent from the serotype Typhimurium genome (bottom). A DNA region within SPI7, termed the viaB locus, encodes proteins for the biosynthesis and the export of the Vi capsular antigen (middle). The Vi antigen is a linear polymer of ␣-1,4 (2-deoxy)-2-N-acetyl 3-acetyl-galacturonic acid whose predicted structure (44) is shown at the top. mately 10 5 organisms of a capsulated serotype Typhi strain (disease rate, 28%) is similar to the fraction of volunteers developing disease when they were infected with a 100-foldhigher dose of a noncapsulated serotype Typhi strain (disease rate, 26%) (48) . Although noncapsulated serotype Typhi strains can still cause typhoid fever, these in vivo data suggest that the loss of the Vi antigen results in considerable attenuation.
While serotype Typhi isolates from human blood are typically capsulated, some isolates from stool samples do not express the Vi antigen (14) . These data seem to be consistent with the idea that capsule expression is not required in the intestinal lumen. However, the interpretation of these results is complicated by the finding that capsule-specific bacteriophages were isolated from stools in many of these cases, raising the possibility that phages may have selected for Vi-negative bacteria during isolation (14) . More-recent in vitro studies show that under conditions of high osmolarity, such as those encountered in the intestinal lumen, capsule expression is switched off (87) , while flagella and T3SS-1 genes are expressed (2) . These data suggest that the Vi antigen may not be expressed in the intestinal lumen, thereby enhancing the ability of serotype Typhi to invade the intestinal epithelium. With decreased osmolarity, which is encountered in tissue or blood, the twocomponent regulatory systems RcsBC and OmpR EnvZ activate Vi antigen expression, while the expression of flagella and T3SS-1 genes is reduced (2, 87, 116) . Thus, production of the Vi antigen may be induced while bacteria pass through the intestinal epithelium or subsequently in intestinal tissue when bacteria are engulfed by host phagocytes. Consistent with this idea, expression of the viaB genes is induced during serotype Typhi infection of human macrophages in vitro (15) . These expression data hint towards a possible role of the Vi antigen during the interaction of serotype Typhi with components of human tissue or blood. One Vi-mediated mechanism for survival in tissue or blood was suggested by the finding that expression of a capsule enables serotype Typhi to resist phagocytosis in vitro (25, 59) . It remains unclear how preventing phagocytosis would benefit serotype Typhi because its main virulence strategy is thought to be survival within macrophages. Serotype Typhi likely has a short extracellular phase when it infects new macrophages in tissue, and the Vi antigen may enhance bacterial survival during this extracellular phase because capsulated bacteria exhibit increased serum resistance (42, 59) . However, the in vivo relevance of these virulence mechanisms remains speculative.
Recent experiments using tissue culture models and human colonic tissue explants suggest a new function for the Vi antigen: the evasion of innate immune recognition in the intestinal mucosa. The Vi antigen reduces IL-8 production elicited by serotype Typhi in human colonic epithelial cell lines (92, 107) . Furthermore, noncapsulated serotype Typhi causes more IL-8 and more tumor necrosis factor alpha (TNF-␣) expression in human macrophage-like cells than do capsulated bacteria (46, 92) . Capsulated bacteria appear to elicit decreased IL-8 production in vitro because the Vi antigen interferes with the stimulation of TLR5 and TLR4/MD2/CD14 by flagella and LPS, respectively (46, 92) . The capsule may prevent inflammation by reducing bacterial adhesion to and invasion of the intestinal epithelium (2, 72). However, this explanation re-quires that the Vi antigen would be produced in the intestinal lumen, an assumption not currently supported by studies of capsule expression. The notion that the capsule may inhibit bacterial invasion in vivo is also at odds with the highly invasive character of typhoid fever. For example, during challenge of chimpanzees, serotype Typhi readily penetrates the gut epithelium without causing appreciable inflammation (30) . This observation seems to be consistent with bacterial invasion followed by inhibition of TLR stimulation, but it does not support the view that bacterial invasion is inhibited in vivo. An alternative mechanism by which the Vi antigen may inhibit inflammation is by physically masking PAMPs and/or by acting as a physical barrier to their release, thereby interfering with TLR stimulation. The finding that the Vi antigen blocks the agglutination of serotype Typhi with anti-LPS serum (25, 27) and inhibits Saccharomyces cerevisiae agglutination mediated by type 1 fimbriae (72) supports the idea that the capsule can physically mask surface structures. Finally, a third possible mechanism by which the capsule may inhibit inflammation is suggested by the finding that purified Vi antigen binds to prohibitin at the surfaces of intestinal epithelial cells and reduces extracellular signal-regulated kinase phosphorylation and IL-8 production in response to phorbol 12-myristate 13-acetate stimulation (91, 107) . These data raise the possibility that the Vi antigen may exhibit properties of an anti-inflammatory drug.
Experiments with human colonic tissue explants have recently provided an important link between in vitro data suggesting that the Vi antigen reduces TLR signaling (46, 92, 107) and the clinical observation that neutrophils are scarce in intestinal infiltrates of typhoid fever patients (41, 57, 77, 83, 110) . Analysis of the host response elicited during infection of human colonic explants reveals that unlike the capsulated serotype Typhi wild type, which does not elicit IL-8 production, a noncapsulated serotype Typhi mutant elicits IL-8 expression at levels similar to those seen during serotype Typhimurium infection (92) . Thus, a capsule-mediated suppression of IL-8 production can be observed in a model that closely resembles host pathogen interaction in vivo. Collectively, these data suggest that expression of the Vi antigen allows serotype Typhi to evade a TLR-mediated host response triggering neutrophil infiltration in the intestinal mucosa.
Given the role of the Vi antigen in preventing neutrophil infiltration, it may seem surprising that volunteers ingesting a serotype Typhi galE viaB vaccine candidate do not develop inflammatory diarrhea (47) . A likely explanation for this finding is that a strain carrying a mutation in galE, a gene encoding the enzyme uridine-5Ј-diphosphate galactose epimerase, required for the biosynthesis of the LPS outer core, is not able to elicit neutrophil infiltration. The finding that a serotype Typhimurium galE mutant is able neither to elicit neutrophil influx in bovine ligated ileal loops nor to cause diarrhea after oral infection of calves provides compelling experimental support for this idea (11, 12) .
In addition to serotype Typhi, the viaB locus is also present in S. enterica serotype Paratyphi C (a typhoidal Salmonella serotype) and some isolates of S. enterica serotype Dublin (a nontyphoidal Salmonella serotype). Serotype Dublin does not cause gastroenteritis in humans but is associated with a bacteremic disease, with high fever and few intestinal manifestations (24, 112) . These observations show that the viaB locus is consistently absent from Salmonella serotypes that are associated with human gastroenteritis. The importance of the Vi antigen has been called into question because the genomes of S. enterica serotypes Paratyphi A and Paratyphi B do not contain the viaB locus, although both pathogens can cause typhoid fever in humans (63) . However, the expectation that all typhoidal Salmonella serotypes share genetic determinants that distinguish them from Salmonella serotypes causing gastroenteritis has proven to be unrealistic. A recent analysis of S. enterica subspecies I serotypes using a serotype Typhimurium microarray supplemented with open reading frames from serotype Typhi did not identify any genes that are conserved among typhoidal Salmonella serotypes but that are absent from nontyphoidal Salmonella serotypes (90). Thus, neither the genes in the viaB region nor any other virulence genes are conserved among typhoidal Salmonella serotypes but are absent from Salmonella serotypes causing gastroenteritis in humans. Phylogenetic analysis by multilocus enzyme electrophoresis shows that the ability to cause typhoid fever evolved independently in four distinct S. enterica lineages, represented by serotypes Typhi, Paratyphi A, Paratyphi B, and Paratyphi C (105). Since typhoidal Salmonella serotypes do not share any unique virulence factors, it seems likely that pathogens in each lineage developed the ability to cause typhoid fever by incorporating different genetic material. This process included acquisition of the viaB region by serotypes Typhi and Paratyphi C (but not by other typhoidal Salmonella serotypes). A possible conclusion from these evolutionary considerations is that serotypes Paratyphi A and Paratyphi B cause typhoid fever by somewhat different mechanisms than serotypes Typhi and Paratyphi C.
FUTURE DIRECTIONS FOR RESEARCH
Recent findings on the role of the Vi antigen in evading innate immunity not only explain why neutrophils are scarce in intestinal infiltrates of typhoid fever patients but also shed a new light on several other clinical observations. For example, a polymorphism in the TLR5 gene that introduces a premature stop codon has no measurable effect on clinical parameters associated with typhoid fever, including fever clearance time, pathogen burden, disease severity, and the age at acquisition of disease (21) . The redundancy of the innate immune system may account for this observation. Alternatively, it is possible that no essential role for TLR5 during typhoid fever is detectable because expression of the Vi antigen blocks TLR5 signaling in patients.
Serum levels of pyrogenic cytokines, such as TNF-␣ and IL-1␤, are elevated in typhoid fever patients compared to levels in healthy individuals (8, 54) but are low compared to cytokine levels measured in the sera of patients with sepsis (35, 117, 120) . During gram-negative sepsis, patients with high concentrations of bacteria in their blood have a worse prognosis than patients with lower concentrations of bacteria (9, 18, 22) . In contrast, quantitative blood cultures from typhoid fever patients show no significant association between the concentration of bacteria in blood and the severity of symptoms (7) . The capsule-mediated suppression of TNF-␣ production in human monocytes (46) may help explain why typhoid fever patients have relatively low serum concentrations of pyrogenic cytokines and do not develop septic shock.
Patients with mutations in genes that encode components of the IL-12/IL-23/gamma interferon (IFN-␥) axes show increased susceptibility to infections with nontyphoidal Salmonella serotypes but not to infections with serotype Typhi (58, 60) . The IL-12/IL-23/IFN-␥ axis is a major immunoregulatory system that bridges innate and adaptive immunity. Upon TLR activation, macrophages and dendritic cells produce IL-12 and IL-23 (104) . These cytokines in turn stimulate T cells and natural killer cells to produce IFN-␥ and promote a Th1 response ( Fig. 1) . IL-12 is elevated in sera from patients with gastroenteritis caused by nontyphoidal Salmonella serotypes (73) . Furthermore, the production of the Th1-inducing cytokines IL-12 and IFN-␥ is important for the control of serotype Typhimurium infection in mice (3, 62, 82) . It is tempting to speculate that patients with a defective IL-12/IL-23/IFN-␥ axis are not more susceptible to serotype Typhi because the Vi antigen prevents TLR activation in both genetically normal and in IL-12/IL-23/IFN-␥ axis-deficient patients. In other words, unlike nontyphoidal Salmonella serotypes, serotype Typhi may be able to evade adaptive immunity by reducing TLR signaling using its capsule. A proof of principle for this mechanism of immune evasion is provided by the finding that impaired TLR signaling due to the absence of the adaptor MyD88 causes a defective Th1 response against herpes simplex virus 2 in mice (103) . It remains unclear whether IL-12 levels are elevated during typhoid fever, because a recent study on this subject did not distinguish between typhoid fever patients and patients with systemic disease caused by nontyphoidal Salmonella serotypes (73) .
Recent epidemiological observations made among patients with AIDS in Africa seem to support the concept that serotype Typhi is able to evade adaptive immunity. In healthy individuals, nontyphoidal Salmonella serotypes are unable to overcome defense mechanisms that limit bacterial dissemination from the intestinal mucosa to systemic sites of infection. As a result, bacteremia is a rare complication during nontyphoidal salmonellosis but may occur in patients with impaired immunity (19, 61) . The increasing prevalence of patients with AIDS has made nontyphoidal salmonellosis a leading cause of bacteremia in sub-Saharan Africa (38, 51, 52, 75, 80) . While the frequency of bacteremia caused by nontyphoidal Salmonella serotypes is considerably higher among human immunodeficiency virus-positive patients than among human immunodeficiency virus-negative patients in Africa, the frequencies of typhoid fever do not differ between these patient groups (88, 106) . These epidemiological observations suggest that systemic spread of nontyphoidal Salmonella serotypes is normally prevented by adaptive immune responses that are defective in AIDS patients. In contrast, serotype Typhi is able to overcome adaptive immune mechanisms that prevent systemic spread and can thus cause typhoid fever in both healthy individuals and AIDS patients with similar efficiencies. This hypothesis implies that unlike nontyphoidal Salmonella serotypes, serotype Typhi possesses a unique virulence factor that allows it to evade an aspect of adaptive immunity in humans. The Vi capsular antigen is an attractive candidate for such a virulence determinant. 24 MINIREVIEWS INFECT. IMMUN.
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